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MinireviewHeterotrimeric G Proteins:
New Tricks for an Old Dog
tein complexes that regulate cell polarity and the orien-
tation of the mitotic spindle in Drosophila (Gotta and
Ahringer, 2001; Schaefer et al., 2001; Zwaal et al., 1996).
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C. elegans one-cell stage embryos divide asymmetri-Dr Bohr Gasse 3-5
cally after fertilization and generate a larger anterior1030 Vienna
and a smaller posterior daughter cell (Schneider andAustria
Bowerman, 2003). To generate this size difference, the
mitotic spindle is pulled posteriorly (Figure 1B) by astral
microtubules extending from the centrosome to the cellHeterotrimeric G proteins are well known for their
cortex so that the cleavage furrow is displaced towardfunction in signal transduction downstream of seven
the posterior end (Cowan and Hyman, 2004). The pullingtransmembrane receptors. More recently, however,
forces that act on the anterior and posterior spindlegenetic analysis in C. elegans and in Drosophila has
poles can be measured: when the mitotic spindle is cutrevealed a second, essential function of these mole-
by a laser microbeam, the anterior and posterior asterscules in positioning the mitotic spindle and attaching
are pulled to the respective cell cortex. The peak velocitymicrotubules to the cell cortex. Five new publications
of this movement is proportional to the astral pullingin Cell (Afshar et al., 2004; Du and Macara, 2004 [this
forces. In a wild-type organism, the posterior aster con-issue of Cell]; Hess et al., 2004), Developmental Cell
sistently moves faster than the anterior. Upon simultane-(Martin-McCaffrey et al., 2004), and Current Biology
ous inactivation of the two G protein  subunits GOA-1(Couwenbergs et al., 2004) show that this function is
and GPA-16, however, both asters hardly move at all,conserved in vertebrates and—like the classical path-
indicating that astral pulling forces are lost both at theway—involves cycling of G proteins between GDP and
anterior and at the posterior pole. Thus, heterotrimericGTP bound conformations.
G proteins are required to properly position the mitotic
spindle. Since C. elegans embryos are surrounded bySignal transduction downstream of seven transmem-
an impermeable membrane, this function is unlikely tobrane receptors involves a class of molecules called
involve an extracellular signal.heterotrimeric G proteins. These molecules received
In early Drosophila embryos, most epithelial cells intheir names from their typical three-subunit composition
the developing epidermis divide with their mitotic spin-and the presence of a Ras-like domain in the  subunit
dle oriented parallel to the embryo surface. A domainof the protein, which can tightly bind the guanine nucleo-
of cells in the head, however, reorients the mitotic spin-tides GDP or GTP (Hamm, 1998). Heterotrimeric G pro-
dle into an apical-basal orientation (Figure 1C). Theyteins can act as a molecular switch (Figure 1A): when
divide asymmetrically into one cell that stays in the epi-G is bound to GDP, docking sites for downstream part-
thelium and another cell that generates neurons in theners are blocked by the  and  subunits. When GDP
developing brain. The difference in spindle orientationis exchanged for GTP, however, three so-called switch
is caused by the expression of Inscuteable, an adaptorregions change their conformation so that the  and 
protein that is required and sufficient for apical basalsubunits fall off and downstream interactors can bind.
spindle orientation (Betschinger and Knoblich, 2004).Transition between these conformations is primarily reg-
Inscuteable is in a complex with the heterotrimeric G
ulated by seven transmembrane receptors. In the inac-
protein  subunit Gi (Schaefer et al., 2001). Gi is baso-
tive state, the trimeric G complex is tightly bound
laterally localized in epithelial cells but relocalizes to the
to the receptor. Upon ligand binding, the receptor acts apical cortex upon expression of Inscuteable, and it is
as an exchange factor that catalyzes GDP release on thought that this relocalization is responsible for reorien-
the  subunit. Since GTP concentrations are higher in tation of the mitotic spindle. Consistent with this, Gi
the cell, this leads to nucleotide exchange and changes mutants have defects in spindle orientation that are
G into its active conformation, in which it no longer comparable with those observed in inscuteable mu-
binds to the receptor. When GTP is hydrolyzed via the tants. As in C. elegans, Drosophila embryos are sur-
intrinsic GTPase activity of the  subunit, the G protein rounded by an impermeable membrane, and the Gi
returns to its inactive state, in which the  subunit binds phenotype is hard to explain by a failure to transduce
to both G and the receptor. an extracellular signal. Thus, heterotrimeric G proteins
Although there is enormous interest in heterotrimeric have a conserved function in properly positioning the
G proteins and seven transmembrane receptors, re- mitotic spindle that is distinct from their well-studied
search on G proteins for many years was mainly based role in signal transduction downstream of seven trans-
on overexpression and drug inhibition experiments. It membrane receptors.
is for this reason that one of their main functions has To exert their role in mitosis, G proteins associate with
escaped attention. This function emerged when C. ele- specific binding partners. The first identified G protein
gans mutants in G protein  and  subunits gave pheno- binding partner with a unique role during mitosis was
types that are inconsistent with a role in transducing the Drosophila protein Pins (Partner of Inscuteable). pins
extracellular signals, and G proteins were found in pro- mutants have defects similar to Gi mutants. Pins can
simultaneously bind to Inscuteable and Gi and might
function as an adaptor between the two proteins. In*Correspondence: knoblich@imp.univie.ac.at
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hancing the pulling forces exerted on the mitotic spindle
during mitosis.
How does this complex interact with the mitotic spin-
dle? A potential explanation comes from the interaction
of LGN with the microtubule binding protein NuMA.
NuMA is a nuclear protein that is released from the
nucleus during mitosis (Compton and Cleveland, 1994).
In mitosis, it is found both at the mitotic spindle and at
the cell cortex (Du and Macara, 2004). While LGN is not
required for spindle localization of NuMA, it acts as a
molecular switch that regulates localization of NuMA to
the cell cortex. In its inactive conformation, the N termi-
nus of LGN interacts with the C terminus and inhibits
interaction with Gi. In the active conformation, this
intramolecular association is released, and the N and C
termini of LGN bind to NuMA and Gi, respectively. What
regulates the transition between these two forms? Du
and Macara (2004) use an elegant FRET assay to visual-
ize the conformational switch in living cells. When YFPFigure 1. Heterotrimeric G Proteins Act in Signal Transduction
and CFP are fused to the N and C termini of LGN, theyDownstream of Seven Transmembrane Receptors but Also in Spin-
dle Positioning during Mitosis are close enough to undergo FRET only in the inactive
conformation. During mitosis or after overexpression of(A) In the classical G protein cycle, ligand binding triggers GDP/
GTP exchange on G (red) and release of G (orange). Gi and NuMA, the FRET effect is reduced, indicating
(B) The C. elegans zygote divides into a larger anterior and a smaller that association between the N and C termini of LGN is
posterior daughter cell. Higher concentrations of GPR-1/2 (blue) at lost. In vitro, the conformational switch can be triggered
the posterior cortex lead to higher G protein (red) activity and pull
by either Gi or NuMA. This suggests a model (Figurethe spindle to the posterior end.
2) in which NuMA binds to LGN when released from the(C) In Drosophila embryos, the Inscuteable protein (green) localizes
nucleus. This changes LGN into the active conformationGi (red) and Pins (blue) to the apical cell cortex to orient the mitotic
spindle along the apical-basal axis. where it can simultaneously bind NuMA and Gi and
form a trimeric complex at the cell cortex. How does
this trimeric complex interact with the mitotic spindle?
Although NuMA can directly bind microtubules, this in-C. elegans, Pins function is replaced by two closely
teraction is inhibited by LGN, suggesting that it is notrelated but nonconserved proteins called GPR-1 and
responsible for spindle positioning. NuMA can also bindGPR-2 (Schneider and Bowerman, 2003). RNAi of GPR-1
to the dynein/dynactin complex. When fused to GFP,and GPR-2 leads to phenotypes very similar to G protein
NuMA is transported along microtubules toward the mi-inactivation: spindle pulling forces are lost both at the
nus end (Merdes et al., 2000). It is conceivable thatanterior and posterior poles. In wild-type embryos,
NuMA, when fixed at the cell cortex, interacts with dy-higher concentrations of GPR-1/2 at the posterior end
nein/dynactin on the mitotic spindle, and the forces ex-(Figure 1B) are thought to generate stronger pulling
erted by this minus end-directed motor pull the mitoticforces and are responsible for spindle displacement.
spindle to the cell cortex. How the spindle is positionedPins and GPR1/2 associate with their respective G
in C. elegans or Drosophila, where sequence homologsbinding partners via a protein motif called the GoLoco
of NuMA do not exist, is unclear. In Drosophila, the Ndomain. GoLoco domains are unique because they bind
terminus of Pins binds to Inscuteable and a MAGUKG subunits in a form that is bound to GDP but not to
protein called Discs Large (Dlg), but neither their local-the  subunit (Kimple et al., 2002). This form does not
ization nor their phenotype is consistent with being a
occur in the classical G protein cycle, but it is stabilized,
NuMA homolog. In C. elegans, the N terminus of GPR-
because GoLoco domains inhibit GDP dissociation and 1/2 interacts with a coiled-coil protein called LIN-5
prevent reassociation of the heterotrimer at the same (Schneider and Bowerman, 2003). Like NuMA, LIN-5 is
time. localized at the mitotic spindle, and it causes severe
Is the role of heterotrimeric G proteins in spindle posi- spindle defects when deleted. Given that the N termini
tioning a peculiarity of invertebrate organisms? A new of GPR-1/2 and Pins/LGN have no homology, it is possi-
paper by the Macara lab suggests that it is not (Du and ble that LIN-5 functionally replaces NuMA in regulating
Macara, 2004). The authors show that overexpression of G protein function during mitosis.
Gi or overexpression of the Pins homolog LGN causes These experiments suggest that the main function of
pronounced oscillations and rotations of the mitotic G proteins during mitosis is to recruit GoLoco domain
spindle in MDCK cells indicative of strong pulling forces proteins to the cell cortex. Since the active complex
exerted on the astral microtubules of the mitotic spindle. contains G in the GDP bound form, it is unclear whether
These movements can be induced neither by a form of GDP/GTP exchange plays a role during mitosis at all. A
Gi that is constitutively bound to GTP nor by Gs, an series of experiments done in C. elegans (Afshar et al.,
 subunit that cannot bind to LGN. The oscillations are 2004; Couwenbergs et al., 2004; Hess et al., 2004) sug-
inhibited by low doses of nocodazole, a treatment that gests that it does, and a mouse knockout of an important
reduces microtubule turnover. Thus, the GiGDP/LGN G protein regulator (Martin-McCaffrey et al., 2004) sug-
gests that this role is conserved in vertebrates. Thesecomplex seems to create spindle oscillations by en-
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Figure 2. LGN Acts as a Molecular Switch to
Regulate Microtubule Attachment to the Cell
Cortex in Mammalian Cells
In interphase, NuMA (green) is nuclear, and
LGN (blue) is in the closed, inactive conforma-
tion. When NuMA is released, it binds the N
terminus of LGN. This allows the C terminus
to interact with Gi (red) and the formation of
a trimeric complex at the cell cortex. Cortical
NuMA might induce pulling on astral mictro-
tubules by interacting with the dynein/dynac-
tin complex (purple).
experiments address the role of the G protein regulators to form the active Gi/GPR-1/2 complex. Binding of
GoLoco domains and  subunits to G subunits isRGS-7 (Hess et al., 2004) and RIC-8 (Afshar et al., 2004;
Couwenbergs et al., 2004; Hess et al., 2004) in C. elegans mutually exclusive, and GoLoco domains bind to a site
on G proteins that overlaps with the  binding siteand RGS14 in vertebrates (Martin-McCaffrey et al.,
2004). RGS-7 and RGS14 are so-called RGS (regulator (Kimple et al., 2002). The activation cycle model as-
sumes that GPR-1/2 can not dissociate the G trimerof G protein signaling) proteins. RGS proteins bind to G
protein  subunits and act as GAPs (GTPase-activating and postulates a GGDP intermediate that is free of G
and allows GPR-1/2 to bind. Analysis of a protein calledproteins) because they accelerate GTP hydrolysis (Ross
and Wilkie, 2000). During signal transduction from seven RIC-8 gives results that actually favor the activation cy-
cle model (Afshar et al., 2004). RIC-8 (also called synem-transmembrane receptors, this makes them inhibitors
of G protein signaling. In mitosis, however, their role is bryn) was identified as a mutation that leads to a pheno-
type in neurotransmission similar to the Gq subunitdifferent: in RGS-7 mutant worms, the size difference
between the anterior and posterior daughter cells is EGL-30. During early C. elegans development, RIC-8 can
larger than in wild-type because the mitotic spindle is
pulled even further to the posterior end (Hess et al.,
2004). Spindle cutting experiments reveal that pulling
forces are unchanged at the posterior pole but are signif-
icantly smaller at the anterior end. This experiment has
two important implications: first, it shows that GTP hy-
drolysis is also important for the mitotic function of G
proteins. Second, it reveals an important difference to
classical G protein regulation: during signal transduction
downstream of seven transmembrane receptors, GTP
hydrolysis actually terminates the signal, and, in RGS
mutants, signaling is enhanced and prolonged. During
mitosis, however, spindle forces are reduced in RGS-7
mutants, suggesting that GTP hydrolysis is actually re-
quired to generate the active form—at least at the ante-
rior cortex of the C. elegans embryo. The mitotic role of
RGS proteins is conserved in mammals (Martin-McCaf-
frey et al., 2004): RNAi depletion of RGS14 from HeLa
cells causes phenotypes that are suggestive of severe
spindle defects. Interestingly, microtubules disappear
altogether in early embryos of RGS14 knockout mice or
upon complete depletion of RGS14 from HeLa cells.
These phenotypes clearly go beyond what would be
expected from a defect in cortical attachment of astral
microtubules. Whether they reflect a more general re-
quirement of heterotrimeric G proteins for regulating
tubulin polymerization remains to be determined.
Thus, GDP/GTP exchange is also important for the
mitotic function of heterotrimeric G proteins. Two mod-
els have been suggested to explain the role of GDP/ Figure 3. Microtubule Pulling Forces in C. elegans Mutants Suggest
Two Models for a G Protein Cycle during MitosisGTP exchange: in the “dissociation cycle model” (Figure
3B, right), the GGDP/GPR-1/2 complex (G/LGN or G/ (A) Representation of cortical pulling forces acting at the anterior
and posterior poles of the C. elegans embryo in various mutantsPins complex in other organisms) is dissociated by an
affecting G protein function.exchange factor that converts G into the GTP bound
(B) In the activation cycle model, G needs to go through one roundstate where it no longer binds to GPR-1/2. GTP hydroly-
of GTP hydrolysis to allow formation of the G/GPR-1/2 complex.
sis regenerates inactive, G bound G. In the “activa- In the dissociation cycle model, GDP/GTP exchange dissociates
tion cycle model” (Figure 3B, left), GDP/GTP exchange the G/GPR-1/2 complex and GTP hydrolysis restores the hetero-
trimeric complex.is actually necessary to allow binding of GPR-1/2 and
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enhance the spindle positioning phenotype of GOA-1 to solve. If only a small fraction of the research done
(Schneider and Bowerman, 2003). RIC-8 is conserved in on heterotrimeric G proteins and seven transmembrane
evolution, and the biochemical activity of its mammalian receptors will be devoted to the mitotic function in the
homolog has recently been uncovered (Tall et al., 2003): future, we should know the answers soon.
although Ric8 is not a membrane protein and has no
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number of questions: it does not explain how the G/
GPR-1/2 complex is actually disassembled to close the
cycle. Furthermore, RIC-8 can not act on the hetero-
trimer (Tall et al., 2003), and a G-free intermediate
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model. Finally, none of the two models explains the
different effect of RGS-7 on the anterior and posterior
pulling forces.
Although the data collected so far suggest a con-
served G protein pathway that regulates the mitotic spin-
dle, there are species specific differences. In C. elegans
and Drosophila, G proteins position and orient the mi-
totic spindle but are not required for spindle assembly
per se. In vertebrates, however, the Rgs14/ phenotype
suggests a role in setting up a correct mitotic spindle—
also during symmetric divisions. Asymmetric divisions
with precisely oriented spindles exist particularly during
mammalian brain development (Wodarz and Huttner,
2003). Whether correct orientation of the mitotic spindle
is important in these divisions and whether hetero-
trimeric G proteins are involved will be a major question
